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a  b  s  t  r  a  c  t
Oxyﬂuoride  glass-ceramics  are  extensively  being  investigated  for  their  excellent  optical  proper-
ties  and  widespread  use  in  photonic  applications.  But oxychloride  systems  are  scarcely  studied
although  they  are potential  candidates  for  those  ﬁelds.  Here  we  report  chloroborosilicate  glass  sys-
tem  SiO2–B2O3–BaO–K2O–Al2O3–BaCl2 (mol%)  within  which  BaCl2 nanocrystals  have  been  generated
by  melt-quench  technique  followed  by heat  treatment.  Samples  were  characterized  by differential  scan-
ning calorimetry,  X-ray  diffraction,  infrared  and  UV–vis  spectroscopy,  elastic  constants  measurement,
etc.  Micro-  and  nanostructures  were  analyzed  by using  FESEM,  TEM  and  SAED.  Formation  and  growth
mechanism  of  BaCl2 nanocrystals  have  been  demonstrated  with  the  help  of schematic  representations.ptical materials
hemical synthesis
rystal growth
ifferential scanning calorimetry (DSC)
ltrasonic measurements
ransmission electron microscopy (TEM)
Size  (7–47  nm)  and  morphology  of  the nanocrystals  were  found  to be controlled  by temperature  and
heat-treatment  time.  Activation  energy  for crystallization  was  determined  by non-isothermal  method
using  DSC  and found  to  be  510 kJ/mol.  Chloroborosilicate  glasses  containing  BaCl2 nanocrystals  having
low-phonon  energy  (∼350 cm−1) are  promising  for  different  photonic  applications.
©  2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Glasses are amorphous solids that exhibit characteristic glass
ransition temperature (Tg) and are typically obtained by rapid
uenching of the melt to the temperatures below the glass transi-
ion to prevent crystallization [1]. Both glasses and glass-ceramics
GCs) have an incredible importance in today’s lifestyle as well as a
rofound scientiﬁc and technological impact. A signiﬁcant number
f materials, with exceptional optical and mechanical properties,
ave been developed to satisfy the needs of diversiﬁed ﬁelds of
pplications using the glass-ceramic materials over many years. A
lass-ceramic system consists of a non-crystalline glassy phase and
ne or more crystalline phases. Nucleation and crystal growth are
wo fundamental stages of crystallization in glass. Evaluation of the
xact mechanism of crystallization in glass enables one to tailor its
roperty and thereby design a glass-ceramic system that can ful-
l the requirements for a particular application. Nowadays, in GC∗ Corresponding author.
E-mail address: basudebk@cgcri.res.in (B. Karmakar).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.08.002
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producsystems, a major advancement has taken place in understanding
the process of crystallization [1,2].
The technology for manufacturing of oxyﬂuoride glass-ceramics
was developed in 1970s. Auzel et al. [3] synthesized glasses that
contained Ln2O3 (Y, La, Gd, Lu), Yb2O3, PbF2, and MnOm (M = B, P,
Te, Si, Ge) and were doped with Er2O3 or Tm2O3. More recently,
in 1993, Wang and Ohwaki [4,5] synthesized transparent glass-
ceramic materials containing a cubic ﬂuoride phase doped with Er
and Yb ions. Rare earth doped oxyﬂuoride glass-ceramics can offer
excellent optical properties as ﬂuoride crystals offer good trans-
parency. Oxyﬂuoride GCs containing LaF3 nanocrystals (NCs) have
been an attractive material for research for the novel optoelectronic
devices since after it was  ﬁrst reported by Dejneka in 1995 [6].
Crystallization kinetics of ﬂuoride NSCs in oxyﬂuoride glasses
was studied by Sung et al. Oxyﬂuoride glasses of composition
40SiO2–10Al2O3–20ZnF2–3XF2 (SAZX, X: Ca, Sr, and Ba) containing
different alkaline earth ﬂuorides (CaF2, SrF2, and BaF2) were pre-
pared and their crystallization behavior was analyzed [7]. Ignatieva
et al. reported the peculiarities of the oxyﬂuoride glass structure
and crystallization which makes it possible to obtain GC with crys-
tal phases containing Bi [8]. The formation of oxyﬂuoride GCs  in
the SiO2–PbF2–CdF2–ZnF2–Al2O3–Er (Eu, Yb)F3 system was studied
and it was  demonstrated that the heat treatment of the lead ﬂuo-
rosilicate glass leads to the formation of the nanosized (16–25 nm)
tion and hosting by Elsevier B.V. All rights reserved.
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rystalline phase [9]. Stable glasses could be prepared in a relatively
arge composition domain of the SiO2–Al2O3–SrF2–Na2O–ZnO sys-
em. Transparent GCs was obtained by heat-treating the glass at
he ﬁrst crystallization temperature [10].
Transparent oxyﬂuoride borosilicate glass-ceramics containing
anocrystals were successfully prepared by a melt-quenching
ethod with subsequent heat treatment. These materials could be
sed to enhance the silicon solar cell efﬁciency [11]. Transparent
Cs containing MF2 (MF3):Ho3+, Tm3+ (M = Ca, Ba, and La) NCs were
repared by melt-quenching and subsequent thermal treatment. It
as been revealed that spherical MF2 (MF3) NCs were precipitated
rom the glass matrix after appropriate thermal treatment of the
recursor glasses [12]. Enhanced 2 m and upconversion emission
rom Ho3+–Yb3+ codoped oxyﬂuoride silicate GCs containing NCs
a2YbF7 was demonstrated. Low-phonon energy NCs, Ba2YbF7,
ith Ho3+ ions incorporated in them, are successfully precipitated
n the glass matrix [13]. Oxyﬂuoride GCs, with typical composition,
2(SiO2)–9(AlO1.5)–31.5(CdF2)–18.5(PbF2)–5.5(ZnF2)–3.5(ErF3)
ol% have potential applications in telecommunications. Upon
eat treatment, Er3+ nucleates the growth of the nanocrys-
alline -PbF2, which acts as its host [14]. Transparent
5SiO2–25Al2O3–5CaO–10NaF–15CaF2 glass-ceramics doped
ith different levels of Er3+ have been fabricated. ErF3 acts as the
ucleating agent to facilitate the crystallization of CaF2 [15].
Although it has been reported that oxychloride glasses can be
otential candidates for IR-transmitting materials [16], in com-
arison to the great deal of work which have been done on
he glasses and glass-ceramics based on oxyﬂuorides, very little
nformation is available for other oxyhalides. Glasses based on oxy-
romides or oxyiodides are very rarely reported and only a very
ew glass systems based on oxychlorides have been reported hith-
rto. Oxychloride glasses based on the TeO2–ZnO–ZnCl2 system
ere studied by Sahar et al. in 1995 which provides a wide and
table glass formation range [17]. In 1996, Hoell et al. reported
hat a small quantity of chloride in 13Na2O–11CaO–76SiO2 (mol%)
lass system causes a dramatic change of kinetics and equilibrium
onditions for the phase separation process in the glass [18]. Glass
ormation in the Sb2O3–CdCl2–SrCl2 ternary system was reported
y Iezid et al. They exhibited low-phonon energy [19]. Recently, the
roperties of 70TeO2–10Sb2O3–20PbCl2 composition are reported
20]. Ternary glasses have been synthesized and studied in the
b2O3–PbCl2–MoO3 system [21]. Barium chloride-oxide tellurite
lasses, BaCl2–BaO–TeO2, are studied by Sokolov et al. in 2009 [22].
he glass-forming regions in the PbCl2–PbBr2–P2O5 system were
xplored and glasses were prepared [23]. Yb3+/Tm3+-codoped oxy-
hloride germanate glasses for developing potential upconversion
asers have been fabricated and characterized. Structural properties
ndicate that PbCl2 has an important inﬂuence on the maximum
honon energies of host glasses [24].
Therefore, it is evident that oxychloride glasses have the
otential to be used in various photonic applications but they
re very much less investigated. Almost no report has been
ound on transparent glasses containing chloride nanocrys-
als. A series of chloroborosilicate glasses having composition
in mol%) (100−x)(42SiO2–30B2O3–20BaO–4K2O–4Al2O3)–xBaCl2
ave been synthesized and characterized by Shasmal et al. [25].
ome of the glasses have crystallization tendency which is evident
rom their thermal properties.
In the present study, an attempt has been made to synthesize
ransparent chloroborosilicate nanoglass-ceramics which contain
aCl2 nanocrystals within the matrix, and successfully reported
he detailed investigation. The formation of crystalline phases was
onﬁrmed by XRD and SAED results. The nanostructures were
bserved by FESEM and TEM studies. Structure and optical prop-
rties are analyzed by FTIR and UV–vis spectroscopy respectively.
lastic constants have been calculated by ultrasonic method. WeCeramic Societies 3 (2015) 390–401 391
have also explained the formation and growth mechanism of the
nanocrystals and the inﬂuence of temperature and duration of
heat treatment with the help of microstructural analysis and crys-
tallization kinetics. This glass-ceramics have been found to have
low-phonon energy (∼350 cm−1) BaCl2 nanocrystals. Low-phonon
energy systems are speciﬁcally signiﬁcant as they have the ability
to enhance the photoluminescence intensity of different RE ions by
several folds by reducing the non-radiative losses. This glass, there-
fore, has tremendous potential for various photonic applications.
2. Experimental procedure
2.1. Glass preparation
Chloroborosilicate glass (CBS) having composition 33.6SiO2–
24B2O3–16BaO–3.2K2O–3.2Al2O3–20BaCl2 (mol%) was  prepared
by melt-quench technique using quartz, SiO2 (GR, Bremthaler,
Quarzitwerk, Usinger, Germany), boric acid, H3BO3 (GR, 99%, Loba
Chemie, Mumbai, India), barium carbonate, BaCO3 (GR, 99%, Fluka
Chemie GmbH, Buchs, Switzerland), potassium carbonate, K2CO3
(GR, 99%, Loba Chemie, Mumbai, India), aluminum oxide, Al2O3 (GR,
Aldrich Chemical Company Inc, Milwaukee 53233, USA) and bar-
ium chloride, BaCl2·2H2O (GR, Dihydrated extra pure Loba Chemie,
Mumbai, India) as the raw materials. About 100 g of glass was
prepared by melting the well-mixed batches of calculated compo-
sition in a platinum crucible at 1400 ◦C for 1.5 h with intermittent
stirring for 0.5 min  in air in a raising hearth electric furnace. The
molten glass was cast into an iron plate in air and annealed at
550 ◦C for 1 h followed by a slow cooling down to room temperature
in order to remove the residual thermal stresses. The monolithic
glass thus obtained was cut and polished into the desired shapes
and sizes required for the different characterizations, as described
below.
2.2. Characterization
Differential scanning calorimetric experiment was performed
by a Differential Scanning Calorimeter (NETZSCH Model STA 449
Jupiter F3, NETZSCH-Gerätebau GmbH, Selb, Germany) using pow-
dered samples over the temperature range of 30–900 ◦C in nitrogen
atmosphere at the heating rate of 10 K/min. The crystallization
kinetics was  determined using bulk glass blocks up to temperature
900 ◦C at four different heating rates of 5, 10, 15, and 20 ◦C/min to
calculate the activation energy of crystallization. The X-ray diffrac-
tion (XRD) patterns of the bulk samples were recorded in an X’pert
Pro MPD  diffractometer (PANalytical, Almelo, the Netherlands),
operating at 40 kV and 30 mA,  using Ni-ﬁltered CuK radiation with
the X’celerator, with a step size of 0.05◦(2) and a step time of 0.5 s,
from 10◦ to 80◦. The infrared reﬂection spectra (FT-IRRS) in the
range of 1550–400 cm−1 were recorded with a Fourier transform
infrared (FTIR) spectrometer (FTIR 1615, Perkin-Elmer Corporation,
Norwalk, CT) and with the help of a specular reﬂectance attachment
accessory at an incident angle of 15◦. The equipment has a resolu-
tion of ±1 cm−1. The averaged data of 256 scans were taken for
analysis. Field-emission scanning electron microscopy (FESEM) of
high-resolution (Gemini Zeiss SupraTM 35 VP model of Carl Zeiss
Microimaging GmbH, Berlin, Germany) was employed to exam-
ine the microstructure of the heat-treated glass-ceramics after
etching in HF solution. Transmission electron microscopy (TEM)
images and selected area electron-diffraction (SAED) patterns of the
powdered glass-ceramics were obtained using an FEI (Model Tec-
nai G230ST; FEI Company, Hillsboro, OR) instrument. Samples for
TEM measurement were prepared by dispersing ﬁnely powdered
glass-ceramics in acetone, followed by an ultrasonic agitation, and
then its deposition on the carbon-coated copper grid. The UV–vis
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bsorption spectra were obtained with a double-beam spectropho-
ometer (Lambda 950, Perkin-Elmer Corporation, Norwalk, CT). The
ncertainty of the band position is ±0.1 nm.  Differential Scanning
alorimeter (the same instrument mentioned earlier) was used for
inetic study of crystallization as well as for determination of glass
ransition temperature (Tg), crystallization on-set (Tx) and peak
emperature (Tp).
. Results and discussion
.1. Differential scanning calorimetry and dilatometry
Differential scanning calorimetry was performed to determine
he glass transition temperature (Tg) and the heat-treatment condi-
ions required to convert the glass into a glass-ceramic containing
he desired crystalline phases. The DSC thermogram of CBS has been
hown in Fig. 1(a). Tg was found at about 575 ◦C. The onset of crys-
allization (Tx) and the peak temperature (Tp) were found at about
25 ◦C and 665 ◦C respectively.
Glass transition temperature (Tg), dilatometric softening point
Td) and coefﬁcient of thermal expansion (CTE) were measured by
ilatometric measurement taking a cylindrical sample of approx-
mately 25 mm length and 5 mm diameter and heating it at a rate
f 5 K/min up to the temperature where the glass softens. Fig. 1(b)
hows the dilatometric curve of the glass. Tg and Td were found at
round 612 ◦C and 647 ◦C respectively. The difference between the
g values obtained through DSC (575 ◦C) and dilatometry (612 ◦C) is
ue to the difference in physical state of the samples. In DSC, pow-
ered samples are used whereas in dilatometric study it was  bulk
lass. It requires more thermal energy to mobilize a long chain of
olecular segment in a three-dimensional rigid network structure
f a bulk solid than that of a comparatively smaller molecular unit
f a powder which is not conﬁned like the former one. Thus the
g for bulk samples are slightly higher than that of the powdered
amples.
.2. Heat treatment and physical appearance
The monolithic glass was cut into several pieces of dimen-
ion 15 mm × 15 mm × 2 mm for heat-treatment experiment. Two
ets of heat-treatment programs were formulated. For the ﬁrst
et, heat treatments were done at different temperatures keeping
he duration constant. Heat treatments were performed at tem-
eratures 630 ◦C, 645 ◦C, 660 ◦C, 680 ◦C, 730 ◦C, 780 ◦C and 830 ◦C
or 1 h. For the second set, heat treatments were done at differ-
nt time durations (20 m,  40 m,  1 h, 20 h, 70 h, 120 h and 240 h)
eeping the temperature constant at 680 ◦C. The photographs of
eat-treated glass samples are shown in Fig. 2. It is evident that
Fig. 1. (a) DSC and (b) dilatometric thermograms Ceramic Societies 3 (2015) 390–401
transparency gets diminished as the temperature or duration of
heat treatment increases. The ﬁnal samples for both the sets are
translucent in appearance. But there is a difference between the
changes of appearance of the two sets. For the ﬁrst set, the appear-
ance of translucency begins from the edges and corners of the
sample, keeping the central portion almost unaffected. But for the
second set, as the durations have been increased, the translucency
appears simultaneously all over the sample. This indicates the phe-
nomenon of surface crystallization which is occurring initially at
shorter duration and as the time progresses bulk crystallization
begins to take place.
3.3. X-ray diffraction
The DSC study indicated the crystallization peak at around
665 ◦C. To ensure the occurrence of crystallization, a piece of glass
was heat-treated at 665 ◦C for 1 h. X-ray diffraction study was con-
ducted using glass samples heat-treated at 665 ◦C for 1 h. Peaks
were found at 2 = 20.64◦, 23.90◦, 24.91◦, 27.66◦, 29.34◦, 33.90◦,
34.64◦, 35.37◦, 37.60◦, 39.49◦, 40.16◦, 44.81◦, 57.69◦, and 61.61◦.
Peaks at 2 = 20.64◦, 23.90◦ and 33.90◦ are due to diffractions from
(111), (200) and (220) planes, respectively, of cubic crystalline
phases of BaCl2 (JCPDS no. 70–1076) [25]. Peaks at 2 = 24.91◦,
27.66◦, 37.60◦, 39.49◦, 44.81◦ and 61.61◦ are due to diffractions
from (220), (211), (321), (002), (430) and (602) planes, respec-
tively, of monoclinic crystalline phase of BaCl2 (JCPDS no. 83-0786)
[25]. Peak at 2 = 34.64◦ is due to diffraction from (220) plane of
cubic crystalline phases of BaCl2 (JCPDS no. 24-0095) [25]. Peaks
at 2 = 35.37◦ and 40.16◦ are due to diffractions from (121) and
(003) planes, respectively, of orthorhombic crystalline phase of
BaCl2 (JCPDS no. 02-0794) [25]. Peaks at 2 = 29.34◦ and 57.69◦
are due to diffractions from (202) and (413) planes, respectively,
of tetragonal crystalline phase of Ba3OSiO4 (JCPDS no. 70-0667)
[25].
Crystallization of BaCl2 takes place within the glass matrix dur-
ing heat treatment at elevated temperature, above the Tg of the
glass. As the matrix is a highly viscous glass, the mechanism of crys-
tal formation is the diffusion of ions from the matrix followed by
combination with another ion. Thus both the extent of crystalliza-
tion and resulting geometry of the formed crystals will be governed
by the rate of diffusion of the ions through the matrix. As the matrix
has very high viscosity during crystallization process, the rate of dif-
fusion of ions is expected to be non-uniform and uncertain, giving
rise to the possibility of forming all kinds of crystallization phases.
That is why three different crystalline phases have been obtained
here.
Fig. 3 represents the diffractogram where all the prominent
peaks have been identiﬁed. All the heat-treated samples were also
of the investigated chloroborosilicate glass.
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1ig. 2. Photographs of heat-treated glasses at (a) 630 ◦C, 660 ◦C, 680 ◦C, 730 ◦C, 780
nd  240 h (from left to right)
tudied by XRD. The diffractograms with varying temperature and
uration are been shown in Fig. 4(a) and (b) respectively. Variation
f temperature and duration has shown almost the similar effect on
rystallization. The peaks get sharpened as any of the parameters
re increased. The formation of crystalline phase is also observed
n the SAED (Selected Area Electron Diffraction) patterns of the
eat-treated glasses studied using TEM. Fig. 4(c) shows the rep-
esentative SAED pattern of CBS heat-treated at 680 ◦C for 20 h. It
learly demonstrates the presence of numerous crystals in the glass.
ig. 3. X-ray diffractogram of the chloroborosilicate glass heat-treated at 665◦C for
 h. Peak identiﬁcations are shown with corresponding JCPDS ﬁle numbers.d 830 ◦C (from left to right) for 1 h, and (b) 680 ◦C for 20 min, 1 h, 20 h, 70 h, 120 h
The average crystallite diameter (d) was calculated using Scher-
rer’s formula from the XRD peaks.
d = 0.9/FWHM cos (peak) (1)
where  is the wavelength of X-ray radiation (CuK = 1.5406 A˚),
FWHM is the full width at half maximum at 2. Crystallite size of
heat-treated CBS ranges between ∼7 and 47 nm.  The variations of
crystallite size with temperature and duration are shown in Fig. 5(a)
and (b) respectively. It is evident that crystallite size increases
both with increasing temperature and duration. But the trend of
change is somewhat different. It shows a gradual and almost lin-
ear increase with increasing temperature, whereas with increasing
duration, the increase of crystallite size is exponential in nature.
With increasing duration, initially the crystallite size shows a sharp
linear increase followed by a retarded rate of increase. That means
the crystallite size is a function of temperature rather than time.
The rate of increase of the size of the crystallites with increase in
temperature is more compared to the increase in heat-treatment
duration at a ﬁxed temperature. It is obvious that with increase
in temperature viscosity of the melt is reduced signiﬁcantly and
mobility of the atoms in the glass is increased which results in
growth of bigger crystals.
3.4. Fourier transformed infrared spectroscopy (FTIR)
The FTIR reﬂection spectra (FT-IRRS) were recorded for all the
heat-treated samples. Fig. 6(a) and (b) represents the FT-IRRS of
CBS heat-treated at different temperatures and different durations
respectively. Prominent bands are found at around 1341, 1116–968,
908, 696, 632, 610, and 438 cm−1. The band around 1341 cm−1 is
due to B O vibration related to [BO4] groups [25]. The band around
908 cm−1 is due to O Si O− stretching vibration with two non-
bridging oxygens [26]. The bands around 696–610 cm−1 are due to
Si O Si bending vibrations, and the bands in the range of 438 cm−1
are due to deformation of SiO4 tetrahedra [26–28]. The band hav-
ing higher intensity is in the range of 1116–968 cm−1, and they
394 N. Shasmal, B. Karmakar / Journal of Asian Ceramic Societies 3 (2015) 390–401
F feren
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oig. 4. Variation of XRD patterns of chloroborosilicate glass heat-treated at (a) dif
eat-treated at 680 ◦C for 20 h showing highly crystalline nature.
re due to anti-symmetric, and those of the lower range are due
o symmetric stretching vibration of Si O Si bond of [SiO4] units
27]. All samples have a complex group of bands in this range cor-
esponding to the asymmetric and symmetric stretching vibrations
f Si O bonds [28]. From the ﬁgures it is evident that this band in
Fig. 5. Variation of crystallite size as a function of (a)t temperatures and (b) at 680 ◦C for different times; (c) SAED pattern of the glass
undergoing a visible change in its pattern and several merged peaks
are appearing from it. As the extent of crystallization increases, the
number of new peaks increases. This is due to the formation of
several numbers of crystalline silicate phases. Their phase separa-
tion affects the existing linkages and forms new bonds within the
 temperature for 1 h and (b) duration at 680 ◦C
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Fig. 6. FT-IRRS of chloroborosilicate glass heat-treated at (A) (a) 630 ◦C, (b) 645 ◦C (c) 680 ◦C, (d) 730 ◦C, (e) 780 ◦C, (f) 830 ◦C for 1 h, and (B) 680 C for (a) 1 h, (b) 20 h, (c) 70 h,
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Fd)  120 h, and (e) 240 h.
ystem. These phenomena are reﬂected into the splitting of the IR
and having highest intensity.
As crystallization process begins, the structure of the glass
ndergoes some rearrangement. As evidenced from the XRD result,
he as-prepared glass is totally amorphous. That means the glass
tructure is build up by three-dimensional networks formed by
SiO4] and [BO4] structural units. Other components (Al2O3, K2O,
aO, and BaCl2) act as network modiﬁers. Al2O3 and BaCl2 take part
n glass formation to some extent. With heat treatment, the net-
ork eventually breaks down forming different crystalline phases.
s BaCl2 is present in major amount, the crystallized phase mostly
ontain nanocrystals of BaCl2. The atoms, which were taking part in
lass formation in the amorphous glass, now separate out from the
etwork and form crystallized phase. Other than BaCl2, some part
f the O Si O network forms crystalline phase of Ba3OSiO4. Thus
rystallization alters the glass structure which has been reﬂected
n the FTIR spectra.
.5. Field-emission scanning electron microscopy
The microstructures of the heat-treated glass-ceramics (in
ulk form) were studied by ﬁeld-emission scanning electron
icroscopy (FESEM). Fig. 7 (a) and (b) shows the micrographs of
BS heat-treated at 680 ◦C and 780 ◦C for 1 h respectively. At lower
emperature, the spherical clusters of average diameter ∼100 nm
re visible which are consisting of tiny spherical particles of aver-
ge diameter ∼20–25 nm.  As the temperature increases to 780 ◦C,
he diameter of the clusters, as well as of the particles, increases.
he clusters are of diameters in the range of 200–400 nm and the
ndividual particles having diameter in the range 30–35 nm are
btained. As shown in Fig. 7(b), spherical clusters are observed
hich are much larger than that observed in case of samples heat-
reated at lower temperature. At higher temperature, more and
ore particles are being formed and a larger assembly is gener-
ted. But with increasing duration the phenomenon is somewhat
ifferent. Fig. 7(c) and (d) shows the effect of duration of heat
reatment on the microstructure. They are the micrographs of CBS
eat-treated at 680 ◦C for 20 and 240 h respectively. Here it is
bserved that there is a considerable increase in the number of
articles rather than the size of the individual particles or the clus-
ers. With increasing time, the particles are getting well crystallized
nd their shapes become more perfectly spherical. As shown in
ig. 7(c) and (d), the number of small particles is much higher. Withincrease in heat-treatment temperature, the crystal growth event is
accelerated, whereas, when time duration is increased, more num-
ber of particles are formed which eventually restricts the grain
growth. The size of particles through the FESEM study is in agree-
ment with that calculated from XRD by Scherrer’s formula.
3.6. Transmission electron microscopy
The microstructures of the heat-treated glasses were also stud-
ied by transmission electron microscopy (TEM). Fig. 8(a) and (b)
shows the TEM image of CBS heat-treated for 1 h at 680 ◦C and
780 ◦C respectively. The nanocrystalline particles are clearly visi-
ble in the micrographs. In Fig. 8(a) the average particle size is in
the range 4–12 nm while in Fig. 8 (b) it is increased to 15–27 nm.
This observation also ensures the effect of temperature on parti-
cle size as predicted from XRD results and as obtained from FESEM
images. Increase in heat-treatment temperature enhances the par-
ticle size. The shape of the crystallites is not homogeneous. Some
of them are spherical, some are spheroid and some of them have
irregular shapes. This happens because of different mechanisms of
crystallization. When BaCl2 is incorporated into borosilicate glass,
some of the Cl atoms take part as glass-formers [25]. Ba2+ ions
remain scattered into the glass matrix being associated with NBOs.
The rest Cl atoms, which do not take part in the network forma-
tion, remain along with some Ba2+ ions in the form of Cl−. When
phase separation begins to take place, initially the free Cl− and
Ba2+ ions combine with each other forming spherical BaCl2 clusters.
Further heat treatment causes the bridging Cl atoms to get sepa-
rated from the glass phase and consequently forming a crystalline
phase. Since the phase separation of bridging chlorides is a non-
homogeneous process, the resulting clusters acquire a spheroidal or
irregular shape. As the heat-treatment temperature increases, the
numbers of irregular shaped particles have been found to increase.
With increasing duration, number of spherical particles has been
found to increase. When enough time is provided for transporta-
tion of ions, the particles acquired the spherical shape which has
lowest surface-to-volume ratio.
Fig. 8(c) shows a high-resolution transmission electron micro-
scopic (HRTEM) image of CBS heat-treated at 780 ◦C for 1 h. Fig. 8(d)
shows the SAED pattern of the same. The crystal planes are
clearly visible in the HRTEM image. Several planes having differ-
ent spacings and orientations indicate the polycrystalline nature
of the crystalline phases. The inter-plane distances have been
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fFig. 7. FESEM photomicrograph of chloroborosilicate glass heat-tre
easured and compared with d-spacing values of JCPDS ﬁles
entioned in XRD analysis. d-Spacing of 2.02 A˚ corresponds to
he plane (430) of BaCl2 (JCPDS no. 83-0786). d-Spacings of 2.20
nd 2.58 A˚ correspond to (311) and (220) plane of BaCl2 (JCPDS
o. 24-0095). d-Spacings of 2.29 and 2.68 A˚ correspond to (311)
nd (220) plane of BaCl2 (JCPDS no. 70-1076). d-Spacings of 2.59
nd 2.85 A˚ correspond to (103) and (121) plane of BaCl2 (JCPDS
o. 02-0794). d-Spacings of 3.05 A˚ correspond to (202) plane of
a3OSiO4 (JCPDS no. 70-0667). In Fig. 9(d), the planes have been
dentiﬁed which are responsible for the diffraction pattern. The
hkl) index and corresponding JCPDS ﬁle numbers have also been
entioned.
.7. UV–vis spectra
The absorption spectra were measured for all the heat-treated
amples in the range of 200–600 nm.  These spectra reveal the range
f wavelength over which the samples are transparent. This is the
ost important feature for a glass for optical applications. Here
ll the glasses, both the as-prepared and the heat-treated sam-
les, were found to be transparent within the whole visible region.
ig. 9(a) shows the UV–vis range of the spectra of the samples, heat-
reated at different temperatures. The spectra shift toward higher
avelength region as the temperature of heat treatment increases.
heir UV-cut-off wavelengths have been marked. Fig. 9(c) rep-
esents the variation of UV-cut-off wavelengths as a function of
eat-treatment temperature. It is evident from the ﬁgures that the
V-cut-off wavelength gradually increases with increasing tem-
erature. At 630 ◦C, the glass was amorphous, whereas, at 680 ◦C
t becomes fairly crystalline and the UV-cut-off wavelength shifts
rom 257 to 270 nm.  This happened due to the Rayleigh and Miet (a) 680 ◦C/1 h, (b) 780 ◦C/1 h, (c) 680 ◦C/20 h and (d) 680 ◦C/240 h.
scattering effect manifested by the tiny crystals present within
it [29,30], as well as the increase in NBOs due to the phase sep-
aration of nanocrystalline BaCl2 from the glass network. Further
increase of temperature results in formation of more and more
nanocrystals giving enhanced scattering effect and also the num-
ber of NBOs increases due to the formation of new crystals. That is
why the UV-cut-off wavelength shifts toward higher wavelength
region. Fig. 9(b) shows the UV–vis range of the spectra of the
samples, heat-treated at different durations. The spectra also shift
toward higher wavelength region as the duration of heat-treatment
increases. Fig. 9(d) represents the variation of UV-cut-off wave-
lengths as a function of heat-treatment durations. Here also the
observation is same as that of Fig. 9(c). UV-cut-off wavelength
shows the same trend of variation with increasing duration of heat
treatment. Increasing size and number of crystallites increases the
extent of scattering as well as the number of NBOs. As a result, the
shifting of the spectra takes place.
The UV–visible spectra have also been used to evaluate the opti-
cal band gap Eopt of the glasses. According to Davis and Mott theory,
the relationship between absorption coefﬁcient ˛() and Eopt is
given by [31]:
˛()h = B(h − Eopt)n (2)
where ˛(v) = (1/d)  ln(I0/It). Here ln(I0/It) is absorbance (A), where
I0 and It are the intensities of incident and transmitted light, respec-
tively, and d is the thickness of the sample. B is the proportionality
constant and h is the photon energy of incident radiation. The
nature of the transition is determined by superscript n which takes
the value 2, 3, 1/2 and 1/3 corresponding to indirect allowed,
indirect forbidden, direct allowed and direct forbidden optical tran-
sitions that are involved in the occurrence of the UV absorption
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Fig. 8. TEM images of the chloroborosilicate glasses heat-treated at (a) 680 ◦C/1 h, (b) 780 ◦C/1 h, (c) high-resolution TEM image and (d) SAED pattern of glass heat-treated
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dge when electromagnetic radiation interacts with the electron in
he valence band. Consequently, the studied materials are charac-
erized by direct optical band transitions. Fig. 10(a) represents the
auc’s plot [(˛h)2 vs. h] for samples heat-treated at different tem-
eratures. The optical band gap energies can be determined from
he Tauc’s plot by extrapolating the linear portion of the curve to
ntersect the photon energy axis at zero absorption. The intersec-
ion of the slope of the linear part of the plot (˛h)2 vs. h gives
he values of the Eopt (in eV). Fig. 10(c) shows the variation of Eopt
alue as a function of heat-treatment temperature. The as-prepared
lass has Eopt value of 4.42 eV. With increasing heat-treatment tem-
erature this value gradually reduces to 4.07 eV. This has occurred
ecause of increasing number of NBOs. Fig. 10(b) represents the
auc’s plot (˛h)2 vs. h, for samples heat-treated at different dura-
ions. Eopt values have also been calculated for them and variation of
opt values have been shown in Fig. 10 (d) as a function of duration of
eat treatment. Here also Eopt value decreases with increasing heat-
reatment duration. The values reduce gradually from 3.94 eV for
0 h to 3.64 eV for 240 h. The decrease in band gap is due to increas-
ng number of NBOs in the glass upon increasing the heat-treatment
uration.The dependence of optical properties, like UV-cut-off and optical
band gap, on the heat-treatment parameters (i.e. heat-treatment
temperature and durations) are signiﬁcantly important for the glass
and glass-ceramics for their optical applications.
3.8. Elastic constants
The elastic constants were calculated using the following equa-
tions for calculation of the elastic constants of the glass specimen
at room temperature by ultrasonic method using the measured
density (), longitudinal velocity (VL) and shear velocity (Vs) [32].
Longitudinal Modulus (L) has been calculated as:
L = V2L (3)
The shear modulus (G) has been found from shear velocity as:
G = V2 (4)S
Bulk Modulus (K) has been calculated as:
K = L − (3/4)G  (5)
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tig. 9. UV–vis absorption spectra of the chloroborosilicate glass heat-treated (a) at
s  a function of (c) heat-treatment temperature and (d) heat-treatment duration.
Young’s Modulus (E) has been calculated as:
 = 2G(1 + s) (6)
here  is Poisson’s ratio which is given by:
 = L  − 2G
2(L  − G) (7)
The values of L and G vary in the range 95–125 and 27–37 GPa
espectively. The values of K and E vary in the range 60–76 and
1–96 GPa respectively. Fig. 11(a) and (b) represents the variation
f Young’s and Bulk modulus as a function of heat-treatment tem-
erature. In both the ﬁgures, we can see a steep rise of modulus
rom 630 ◦C to 680 ◦C followed by a slow increase and ﬁnally the
alues become almost constant. The initial sharp increase can be
ttributed to the beginning of crystallization which takes place
n-between 630 ◦C and 680 ◦C. At 630 ◦C, the glass was  totally amor-
hous. Slight crystallization starts from 645 ◦C which increases
t 660 ◦C and at 680 ◦C fair amount of crystallized species was
btained. Within this temperature range, formation of nanocrys-
alline phase of BaCl2 strengthens the glass matrix. When the
rystalline phase has been fully developed, the rate of increase
radually reduces and ﬁnally becomes almost constant. The glasses
eat-treated at different durations also exhibit the same trend of
ariation. The variations in the mechanical properties are indi-
ect evidences for the structural changes associated with the
eat-treatment procedures. They support the mechanism of crys-
allization described here.ent temperatures, and (b) different durations. Variation of UV-cut-off wavelength
3.9. Crystallization kinetics
The crystallization kinetics study of CBS glass has been carried
out at four different heating rates, i.e. 5, 10, 15 and 20 ◦C/min. It is
observed that the crystallization peak temperature of the glasses
shifted to higher values of temperature with increase in heating
rate and this trend is represented in Fig. 12. Table 1 represents the
thermal characteristics of the glass obtained from DSC  study. The
activation energy of crystallization has been calculated applying
the Kissinger [33] and Augis–Bennett [34] models.
Chemical reaction rates are usually considered to be a func-
tion of only two  time-dependent variables, temperature T and
chemical conversion x (which varies from 0 to 1 from initiation
to completion). The usual relationship incorporating the Arrhenius
expression is:
dx
dt
= k(T)f (x) = A exp[−E/RT(t)]f (x) (8)
This equation relates the reaction rate dx/dt to three distinct kinetic
parameters: the pre-exponential factor A, the activation energy E,
and the reaction model f(x). As a set, these three parameters are
referred to as the “kinetic triplet”. Determination of the kinetic
triplet is a common way  to establish a mathematical relation-
ship between the reaction rate dx/dt,  the extent of conversion (x),
and the temperature (or time). The extent of the conversion (x) is
determined experimentally as a fraction of the overall change in a
physical quantity that represents the reaction progress as a function
of time t or temperature T. If the reaction process is accompanied
by heat ﬂow, such as measured in a DSC or other heat ﬂow device,
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oig. 10. (˛h)2 vs. h plot of the chloroborosilicate glass heat-treated at (a) differe
eat-treatment temperature and (d) heat-treatment duration.
hen the extent of conversion at T or t is given as the ratio of the
mount of evolved (or consumed) heat to the total amount of heat
eleased (or absorbed) in the process.
i) nth order reaction model
Most existing methods were developed by assuming an nth
rder reaction:
dx
dt
= k(1 − x)n (9)
Fig. 11. Variation of (a) Young’s modulus and (b) bulk modulperatures, and (b) different durations. Variation of Eopt values as a function of (c)
where x = extent of conversion, t = time, and n = order of reaction.
(ii) Kissinger model
Kissinger model is the most commonly used model in ana-lyzing the activation energy of crystallization (Ec). This model
describes the dependence of peak temperature on heating rate for
a crystallization event. To estimate the activation energies for crys-
tallization, this method has been applied for the analysis of highest
us as a function of heat-treatment temperature for 1 h.
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with that of the present study. Our estimated activation energy of
T
Dig. 12. Variation of peak temperatures (Tp) as a function of heating rate of the
hloroborosilicate glass.
xothermic peaks (Tc) detected in DSC curves using the following
quation:
n(˛/Tc2) = −Ec/RTc + constant (10)
here ˛, Ec, Tc and R are the heating rate, crystallization activation
nergy, peak temperature of crystallization exotherm and universal
as constant respectively. The plot of ln(˛/Tc2) vs. (1000/Tc) (K−1)
f the glass is shown in Fig. 13(a).
iii) Augis–Bennett model
In addition to Kissinger model, the activation energy of thelasses are calculated applying Augis–Bennett model also. This
odel is based on the following equation:
n(˛/Tc) = −Ec/RTc + constant (11)
able 1
SC Thermal characteristics of the chloroborosilicate glass.
System Crystal phase 
SiO2–Al2O3–CaF2–SmF3 CaF2
SiO2–Al2O3–Na2O–LaF3 LaF3
SiO2–Al2O3–ZnF2–CaF2 CaF2
SiO2–Al2O3–ZnF2–SrF2 SrF2
SiO2–Al2O3–ZnF2–BaF2 BaF2
SiO2–B2O3–BaO–K2O–Al2O3–BaCl2 BaCl2
Fig. 13. Crystallization kinetics study of the chloroborosilicatCeramic Societies 3 (2015) 390–401
where the symbols have usual meaning. The plot of ln(˛/Tc)
vs.(1000/Tc) (K−1) of the glass is shown in Fig. 13(b). The lines are
obtained by the method of linear ﬁtting. The correlation coefﬁcients
of the ﬁt are very close to 1 which suggests the data are in good
agreement with linear ﬁtting. The activation energy is calculated
from the slope (−Ec/R) of the least square best ﬁt line constructed
through the points using the above models. The slope of Kissinger
model is found to be 60.9938. The activation energy using the slope
values is calculated to be 507 kJ/mol. The slope of Augis–Bennett
model is found to be 61.9394 and the activation energy is calcu-
lated to be 515 kJ/mol. So activation energy for crystallization of
the glass has been found to be in the range 507–515 (kJ/mol) using
these two  models. Formation of BaCl2 crystal phase requires break-
ing of Ba O bond as well as the formation of Ba Cl bond. The bond
dissociation energies of Ba O and Ba Cl atomic bonds are 548
and 444 kJ/mol respectively [37–39]. Since during crystallization
of BaCl2, another crystal of Ba3OSiO4 was  also formed along with
it, therefore, the bond dissociation energy of Si O bond, which is
445 kJ/mol [38], is to be accounted. The estimated activation energy
of 507–514 kJ/mol is the summation of both the formation energy
of Ba Cl and Si O bonds which constitute the crystals. Sung et al.
[7] revealed that for 40SiO2–10Al2O3–20ZnF2–30BaF2 system crys-
tallization of BaF2 requires ∼592 kJ/mol energy, whereas for CaF2
and SrF2 it requires ∼226 and 270 kJ/mol respectively. The reason
behind the higher activation energy for Ba-halide is due to the big-
ger size of Ba2+. It requires more energy for a huge cation to diffuse
through the highly viscous glassy matrix and combine with the
anions to form the crystals. That is why in chloroborosilicate system
the activation energy is quite high and it is in similar range with that
of BaF2. Table 2 represents the comparison of activation energies
of different crystalline phases within different oxide glass systems507–517 kJ/mol correlates well with that reported for BaF2 by Sung
et al. because bond dissociation energy is 581 kJ/mol for Ba F bond
[7].
Activation energy (kJ/mol) Reference
379 ± 25 [35]
330–340 [36]
226.5 ± 14.7
[7]270.5 ± 12.4
591.9 ± 25.3
507–515 Present work
e glass by (a) Kissinger and (b) Augis–Bennett models.
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Table  2
Comparison of activation energy of crystallization of different glasses with the present study.
Heating rate
(K/min)
Glass transition
temperature, Tg (◦C)
Crystallization onset
temperature, Tx (◦C)
Peak temperature,
Tp (◦C)
Glass stability factor
T = Tx − Tg (◦C)
5 615 649 663 34
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. Conclusions
A chloroborosilicate glass has been prepared and heat-treated
ystematically for fabrication of glass-ceramics. The transparent
lass-ceramics were then subjected to several characterizations.
he results lead to the following conclusions:
The glass having composition 33.6SiO2–24B2O3–16BaO–3.2K2O–
3.2Al2O3–20BaCl2 (mol%) was prepared by melt-quench tech-
nique. The glass is obtained as transparent monolith.
DSC study reveals a sharp crystallization peak at 665 ◦C. Heat
treatment at this temperature results in formation of BaCl2
(major) and Ba3OSiO4 (very minor) nanocrystals.
Crystallization phenomena have been studied by heat-treating
the glass at different temperatures and durations.
Microstructures have been analyzed by FESEM, TEM, HRTEM and
SAED studies. Those results indicate that the size of crystallites
is mainly a function of temperature whereas number of crys-
tallites is mainly inﬂuenced by duration of heat treatment. The
mechanism of crystal growth has also been described using these
microscopic data.
FTIR and UV–vis spectra conﬁrm the crystallization phenomena
by their splitting and shifting, respectively, which take place due
to the structural rearrangement of the glass during crystalliza-
tion.
Elastic constant values are found to be inﬂuenced by the extent
of crystallization. Strengthening effect was more prominent at
the onset of crystallization; however, with increase in heat-
treatment temperature or time, the effect was less prominent.
Kinetic study of crystallization reveals that the activation energy
varies in the range 507–510 kJ/mol.
This study opens up the way for synthesis of low-phonon
energy (∼350 cm−1) BaCl2 nanocrystals in borosilicate glass for
potential photonic applications. Low-phonon energy systems are
speciﬁcally signiﬁcant as they have the ability to enhance the
photoluminescence intensity of different RE ions by several folds
by reducing the non-radiative losses. This glass, when converted
into glass-ceramics having BaCl2 nanocrystals embedded within
it, has tremendous potential to exhibit signiﬁcant enhancement
in frequency up- and downconversions, when doped with suit-
able RE.
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